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I. Introduction
Recent advances in numerical techniques and computational capabilities have made it possible to study energy transfer in molecular collisions -at least for some simple systems -by obtaining essentially exact numerical solutions to the quantum close coupling (CC) scattering equations for molecules interacting via realistic, e.g., ab initio, intermolecular potentials. Unfortunately, the expense of CC calculations increases rapidly with the number of energetically accessible molecular quantum levels, due, in large part, to the 2j+1 degenerate sublevels which must be included for each rotational level, Therefore most calculations to date have been limited to the simplest case, collisions of linear molecules with atoms, and to energies where only a handful of the lowest molecular rotational levels are accessible. ) The hydrogen molecule with its small moment of inertia has only a few rotational levels below the threshold for vibrational excitation, and calculations have been performed for vibrational-rotational excitation of H 2 by collisions with atoms. 2 Only one calculation for rotational excitation of a linear molecule by another linear molecule (H2-H2 ) has been reported;3
and there has also been one calculation for rotational excitation of an asymmetric top rotor by an atom (H2CO-Re). 4
facause much of the computational effort in CC calculations is due to the degenerate rotational sublevels and because many collisional phenomena are sensitive only to the average over these degeneracies, i.t seems reasonable to sacrifice some information about these suble , ,_'ls in order to simplify the calculation. This notion is the basis for the effective potentials (F1') approximation of Rab-?tz and the coupled states6 (A4 approximation of McGuire and Kouri. Both of these methods have now been tested by comparison with available CC results for degeneracyaveraged (i.e., state-to-state) integral cross sections, a(i-+f), in linear molecule collisions. [5] [6] [7] The CS approximation appears to be quite reliable except, perhaps, when there is strong, long-range anisotropy in the potential. Accuracy of the EP approximation appears to be mere sensitive to the strength of the anisotropy in the potential, being better for weaker angle-dependence; however, co.rs-idering that it is much cheaper-than CS, it is probably still accurate enough to be useful for m, r!y molecular systems. If these approximations can be shown to remain accurate, they will be invalu«ble for understanding energy transfer in other, more complicated systems where CC calculations will not be possible.
Iii tli-is paper we cotls:ider scattering of rr rigid Lyjwfletric toll rotor by a closed-shell, 1S atom. As an example, collisions of IM3 with He are considered, using a theoretical electro-J gas approximation to the interaction potential, and treating collision knamics within the accurate CC framework as well as the CS and 17 approxiiriations.
The ammonia molecule is a typical symmetric top, having a threefold to is of sy,imretry Pi.rougli the nitrogen. It is not, however, an idci.l ext: axle of a r3 i d. ro t-or beco.uSe it vuder•^;o^s ruj)J c1 inversiona lar-e amplitude vibr:iti.on of th y: nitrogen throiiUji the plane of the Lj hydrogens. 'Phis inversion motion splits the normally de--,euertrte symmetric top k-doublets. Transitions between the inversion doublets are readily observed at microwave frequencies. making U11 3 amenable to studies of collisional energy transfer u , -itlg thy: microwave double resonance techniques of Oka, and a f rir amount of rotntional rclisxation dat^. is hlV therefore available for this system.
For the purposes of this study the inversion doubling has been ignored, and N11 treated as a rigid symmetric top. Typical splittings between inversion doublets are 20 -25 GIIz which corresponds, classically, to a vibrational period of about 50 ns. Since the duration of a thermal energy NII3 -He collision is s"1 ns, the rigid rotor approximation may not be unreasonable. Nonetheless, until this, effect is considered in more detail, results, from these calculations should be viewed as modelistic, and comparisons with the experlmentul data should be treated with caution.
Rather, this study was undertaken for the follow:lrlT reasons. There has been no previous study of collisions between symmetric tops and atoms, especially those systems dominated by short-range forces, whore the accuracy of the intermalecul.ar potential and scattering approximations could be well documented. Thus, despiLe a moderate amount of double resonance delta, energy ta anofer in such systems is st:i ll_ not well understood, and "a quantitative theoretical treatment of the transition probability will be needed 8b For example, even the typical size and shape of the short-range anisotropy are not knoi . m. (It should be recalled in this context that the anisotropy in linear molecule-a,tnm Collisions was recently found to be much lamer than antic-ipated. lc ) Al.:o essentially tttil:rluwt, fire t1le relative mclgnitudca of cli fferent. A j and AI; trrznsitions, and the eau:.e of the observed parity "selection rules". As inclie:ltecl ubovo it is rapidly be cocninF; possible to examine such questions by accurate scattering calculations on 0) initio intermolecular surfnees.
Decattoe of its l.ow moment, of ille rti tl and hence widely spaced rotational levels, and also because of ortho-para separation, it is feasible to treat collision dynamics for IM 3) at leant for the lower rotational levels and thermal collision energies, within the accurate CC framework.
These calculations can then be used to test the accuracy of cheaper approximations, such as CS and JT, which might then be used to study collision dynamics for this and similar systcarns in more detail. 
Scattering Furmalism
The total Hamiltonian for collisions of a rigid rotor and an atoia, in space-fixed coordinates located at the center of mass of the system can be written as
where the kinetic energy of collision, The general rigid rotor Hamiltonian can be written
where I 1 , I2 , and I i are moments of inertia about the (molecule-fixed) principal axes of inertia x', y', and • r,', respectively. (Primes will be used to denote rotating, body-fixed coordinates.)
For a symm tric top molecule, two of the moments of inertia tire equal -I1=I2 , i.e., z' is cleosen as the sy mactry axis -so that Eq. (2) becomes Hst = (^11) -1.a2 + C(P:r^)-1_(rIl)-1-;^L,2
Where a a ,2+dy,?+Pz,2 is the total angular momentum of the rotor.
Eigenfunct:ioi:s of li st can be labeled by J, k, and m, the total rotor momentimi and its projection on the 1, ody-fixed z'-axis and on the sprce- gL, I ,jkia> = kh I'Jkm> , 
The symmetric top eigp ni'unctiono can be Identified with matrix elements of the rutatiorn operator, ,11u1> = L(2,j+1) /Orr2)1 -' km J ( asY)
where, for historical rcacot,:, we fallow the conventlon of Tlir^ddcual0 = eima e i}:Y dp^j (P) (10) with dkmj as defined by Edmonds. 9 Me total angular momentum quantum number j may take any non-negative intc3cr value; Y. anft m; b::ing projections of j, are restricted to positive or negative int^gers whooe absolute value is less than or equal to j. Correct symmetrization for symmetric top, will be consi.deree, in more dot 'l in Section IDF. Lxtcnoion to usynx.,ctric tops is straiGhtforward an3 ' as been diseu:, 
wlierc tl,e P .•t that. R-R' ha: Vo nn used.
The phase convention for spherical harmonics,
1-us the fact that the interaction potential is real imply that v^ ^ -u(11) G)" )" v xµ(1.) * .
( 1 7) For most systems it. will nl:;o be possible to choose the principal moment.
of ir,ert,ia axes co that the v ).p (P) arc rein.. 'Al.,. requires only that the x'z'-plane be 11 (reflection) plane of symm^try so that which will always be possible fur moleeulcr, that are cymmetric tops due to an n-fold uxis of symmetry alonC z'. The i ntcraction potential cry;
then be written as
aka.
v^u ( 10 ) 
e and <j1t132m2 I jP? is u C1eLoeh-Gordan vector-coupling coefficient. 71+e scattering wuvefunction with total. momeni.w+i J and hro,jection Id on the ::pace-fixed z-axis, vnd approprintc to tl,c entrance channel. jhx,
where 1: in the relative kinetic encr(,y and E, J }: is given by Eq. M). Which, t.ogctli:;r wi i.h l.;q. ().'O c.n •,rxrets that t.l:r. coupling r.i;itrix is llermitc:an. I;oi.e tiv^t different vulues of k tire connected on]y by termî n the potentitul :.ucl, t.l:t,t N = k' -l:. `flit-full owing property or the coupl i nt; matrix cicn(^nt s w.i 11 tlno be a .^ful.:
Coml,ai• lljg the usysaptoti: form of u(JR) with the intcractiunle.;r;
colutions dc•fi neu the scut•ter i n o r, S-r:,t:trlx in the u s ual way: 
It should be noted t. ut t.lie k quuntvrn nsunber play.-a "spectator" role in Use utigular mumentur. coupling. Therefore, one uan Immcdintely write dus!rs fcuuulu :, ill tc •i-t,r of matrix rlcrtunts, for di f1'crLut.lt l crucc:;
cectIu Is, 11 
Note that Eq. (32) implies no coupling unless m=m', and also that cLISfercnt; values of k are coupled only by terms in the potential such that µ =k-k'. Again, matrix elements are independent of M :,ich is subsequently dropped from the notation.
As in the U method, the potential matrix is lierwitean since, c.f. Eq. (27),
The following properties of the potential matrix elements will clso be useful: The following property will also be useful:
The asymptotic foim of the radial equations defines a scattering matrix `jk I SJ Tne "counting-of-st s -ttes" correction, g(j,j'), was introduced by Zarur and Rabitz 5c to ensure proper detailed balance,
which doesn't arise naturally in EP due to the use of "effective rotational states" that-lack the normal 2j+1 degeneracy. Zarur and Rabi cz suggested for linear molecule-atom collisions the most s^,m-netrica.l form, .
However, it appears that a better choice might be jsj'
("j'1)1(2j'+l)'j>j'
In either case, the counting-of-states factor is the same for symmetric tops and linear molecules. There will be a contribution from the first term in Eq. 00 only if }1=k'-k, and it will enter with parity
F. Symmetric Lop unctions of proper parit
There will be a contribution from the second term only if µ-k'i-k. Only one of these ter,na will con l•ribute iuiles s k-0 and/or k,-O.
It cwl be verified that the potent.icLt r itrix elements vanish iden-U cally unleso -1^ ^ M E;(-) '+"-"" = C'(-)j'+ls'+^' (119) 'fie CC equationo can therefore be split into two non-interacting parity blocks for each J, leading to a reduction in computational effort.
The analysis for the EP approximation follows identically that for fall; to zero too rapidly. In previous work we have supplemented the electron Gas approximation by smoothly Joining il. to the ecymptotically correct long-range electrostatic interaction. Because the cross sections here arc not expected to be very sensitive to the long-range interaction, and because this, study Is desICTned more as a model calculnt.ion than t:n rittempt to obtain detailed cross sections for this system, the election Cpr, interaction hhttc been u ,ed without; further s mudlfication.
The electron charge densities necessary for the Gordon-Kim method were obtained from 1?;:rtrec-Fock functions. The M} 3 function was obtained using a Gau:;sinn basis of approximately "triple zeta" quality plus p pultirl uLluil functions oti i,}ii bydrut"Uns. 18 For Iie, Lhe accurati; SIaLer 19 basis function of Clu-nenti was used. ''Me interaction potential was computed for R'bri0 = 3.0 (0.5) 9.5, C')' = 0 (30) 180 0 , and ^' = 0 (15) 600 For each P' value, the tmgular dependence was expanded in spherical harmonies, Pa. (19), by minimizing the root-mean-square average error.
Because of the three-fold axis of symmetry, only Y41 with II = 3 n are allowed in the expansion. A twelve term fit, which reproduced all computed Points to a few percent, was adopted for the scatterinr; cul- 
The strength of the ajiisotropy is ^Lhen ruflected in the size of the various ccX u , from which it is .cen that the interaction here is only weakly Lnisutropi c, i. c . , aXP<<I .
21.
/.6 .^ _ -1 B. Scattering calculations.
Using the intermolecular potential described in the previous section CC, CS, and EP calculations have been performed. `lice coupled differential equi-Mons were solved using the piecewiee analytic algo-
1
rithm of Gor0on 20 as implemented in the MOISCRI. cowputer programs. nonetheless, that both paritic:; mutt be included In the scattering calculut i ons . This symmetry does not obtain for ortho -11}i3 because the k-0 levels exist in only one parity. Also, any energy splitting of the k-doublets, such as that cau.,ed by inversion motion, would destroy the p(, ri'ect symmetry found here for pnra -TUl 3 . _
The major approximation in the CC method in retentJon of only a finite subset of the molccala) , rotational level., in the expansion of' &-porience with linear riolecule-atom collisions would lead one to attribute the accuracy of 12 here to Uie s.mill anisotropy in thi E. eysten.
Also, following previous experience, for mast trrensitionn FT with-.jut the "couutiiig,-of-states" correction g1vec bc:AAc r agreement w rtth CC. Thus.., th, e ccitputationctl techniques now appear to be in hand for studying ener,7 transfer in ammonia-rnre gas collisions. The experimental results of Oka 8 will then provide a stringent test of these theoretic-ll methods. Besides the double resonance data, collision-1.1 excitation of annonia is also of current astrophysical interest for interpreting the obsorvcd non-thermal excitation of intcrst, ellar I111 21
For these reasons we hope to undertake a more complete -Ludy of this system in the near future. 
